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iv

ACKNOWLEDGMENTS
I would like to thank Professor Hong Z. Tan for her guidance and assistance
throughout my M.Sc. studies. I would also like to thank Dr. Charlotte M. Reed
and Dr. Alexander Quinn for serving on my committee. I appreciate the insights
and support oﬀered by Dr. Ali Israr from Facebook during the development of this
project.
Many thanks to Juan Sebastian for helping me develop the 1-up 1-down interleaved
experiments for SOA detection, for Sensimetrics for developing the software used for
the 1-up 2-down threshold detection and tactor adjustments, and also for Emily
Fredette and Yang Jiao for helping me with statistical analysis.
Many thanks to Jaehong Jung, Quan Liu and all my other co-workers for all the
suggestions, tips and assistance throughout this year in which we studied and worked
together and sincere gratitude to all my participants.

v

TABLE OF CONTENTS
Page
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii
1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1

2 BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4

2.1

Touch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4

2.2

Saltation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7

2.3

Apparent Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8

2.4

Funneling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.5

Comparing Known Illusions With the Novel Eﬀect . . . . . . . . . . . . 11

2.6

Haptic Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6.1

The Haptic Back Display . . . . . . . . . . . . . . . . . . . . . . 13

2.6.2

Tactile Brush . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.6.3

Moving Tactile Stroke . . . . . . . . . . . . . . . . . . . . . . . 13

2.6.4

Edge Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.6.5

Out-of-body Virtual Reality Haptics . . . . . . . . . . . . . . . 14

2.6.6

Vibrotactile Amplitude Modulation Generating Texture . . . . . 14

2.6.7

Haptic Applications Overview . . . . . . . . . . . . . . . . . . . 15

3 PARAMETERS FOR THE SNAKE EFFECT . . . . . . . . . . . . . . . . . 16
3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2.1

Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2.2

Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

vi
Page
3.2.3

Stimuli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.4

Pilot Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.5

Procedures and Conditions for the Main Experiment . . . . . . 22

3.2.6

Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.4

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4 EXPLORATION OF SPIRAL SNAKE . . . . . . . . . . . . . . . . . . . . . 35
4.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.1.1

4.2

Review of Rendering Moving Tactile Brush Algorithm . . . . . . 35

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.2.1

Spiral Snake Eﬀect Algorithm . . . . . . . . . . . . . . . . . . . 38

4.2.2

Spiral Snake Eﬀect Display . . . . . . . . . . . . . . . . . . . . . 39

4.2.3

Stimuli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2.4

Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2.5

Procedures and Conditions . . . . . . . . . . . . . . . . . . . . . 51

4.3

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.4

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5 CONCLUSIONS AND FUTURE WORK . . . . . . . . . . . . . . . . . . . . 58
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
A UPPER SOA INTERLEAVED EXPERIMENTS - SINE-SQUARED MODULATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
B LOWER SOA INTERLEAVED EXPERIMENTS - SINE-SQUARED MODULATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
C UPPER SOA INTERLEAVED EXPERIMENTS - SINE MODULATION . . 77
D LOWER SOA INTERLEAVED EXPERIMENTS - SINE MODULATION . 83
E SPIRAL SNAKE SKETCHES - PARTICIPANT 1 - WITHOUT USING
THE CYLINDER FOR ASSISTANCE TO SKETCH . . . . . . . . . . . . . 89
F SPIRAL SNAKE SKETCHES - PARTICIPANT 1 - USING THE CYLINDER FOR ASSISTANCE TO SKETCH . . . . . . . . . . . . . . . . . . . . 95

vii
Page
G SPIRAL SNAKE SKETCHES - PARTICIPANT 2 . . . . . . . . . . . . . . 101
H SPIRAL SNAKE SKETCHES - PARTICIPANT 3 . . . . . . . . . . . . . . 107
I

ACCELEROMETER MEASUREMENTS . . . . . . . . . . . . . . . . . . 113

viii

LIST OF TABLES
Table
2.1

Page

Response characteristics of the four mechanoreceptor populations [20, chapter 12] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5

3.1

Mean values of small step reversals for each participant, in ms. Each pair
of values correspond to Ascending and Descending methods, respectively . 29

3.2

Range, Kurtosis and Skewness Tests for all conditions . . . . . . . . . . . . 30

3.3

P-values for T-tests examining the diﬀerences between Ascending and Descending means for each modulation and boundary, with a Type I error
set at 0.05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1

Mean values for forearm and wrist measurements according to the Anthropometric Survey of USA Army Personnel in 1987-88 [55] . . . . . . . . . . 40

4.2

Input data necessary for the Spiral Snake software to calculate Position of
Tactors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

ix

LIST OF FIGURES
Figure
2.1

Page

Threshold limit for each frequency value, and average threshold sensitivity
from 0.1 to 1000 Hz. [20, chapter 12], after [22] . . . . . . . . . . . . . . .

6

3.1

The tactor array. The tactor in the red circle was adopted as reference in
threshold testing experiments . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2

The user’s arm with the protective sleeve (a) and wearing the tactor array
(b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.3

A single pulse with the following modulations: (a) square, (b) Sine, (c)
Sine-Squared, (d) Gaussian, (e) linear. The carrier frequency is 300 Hz for
all the vibratory signals. In (f) the carrier frequency can be seen, with a
gradual increase in intensity from 0.20 to 0.30 s . . . . . . . . . . . . . . . 19

3.4

The same set of stimuli with Sine-Squared modulation, with diﬀerent
SOAs: (a) SOA = 300 ms, and (b) SOA = 800 ms. The stimulus amplitude shown is normalized. . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.5

Interface for manual adjustment of SOA . . . . . . . . . . . . . . . . . . . 24

3.6

User interface for (a) lower and (b) upper SOA conditions. . . . . . . . . . 25

3.7

Experiment plots: Lower SOA condition (a) and Upper SOA condition
(b). Both for P15, using Sine-Squared modulation. . . . . . . . . . . . . . 26

3.8

Mean upper and Lower SOA limits with standard error bars (a), standard
deviation for upper and Lower SOA (b). . . . . . . . . . . . . . . . . . . . 28

4.1

Timing diagram of the tactile brush algorithm for n+1 tactors. [13] . . . . 36

4.2

Tactor placement diagram for the spiral snake eﬀect . . . . . . . . . . . . . 39

4.3

Tactor coordinates generated by the software . . . . . . . . . . . . . . . . . 43

4.4

Haptic Display around the participant’s forearm . . . . . . . . . . . . . . . 44

4.5

Haptic Display with trajectory selected to start at tactor 14 and end at
tactor 8 (a), and trajectory (orange) with position of the necessary loci
(green circles labeled from 1 to 5). . . . . . . . . . . . . . . . . . . . . . . 45

4.6

Distance of each locus to all the tactors in the haptic display . . . . . . . . 47

4.7

Zoomed diagram around locus 2 for better visualization . . . . . . . . . . . 48

x
Figure

Page

4.8

Normalized stimuli at each tactor, using sine-squared modulation. . . . . . 49

4.9

Set of six trajectories used in the experiment. . . . . . . . . . . . . . . . . 50

4.10 Schematics of how the participants were positioned during the experiments. The blue stripes represent the haptic display. . . . . . . . . . . . . 51
4.11 Sketches drawn by P1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.12 Sketches drawn by P2 for all the six directions. . . . . . . . . . . . . . . . 54
4.13 Sketches drawn by P3 for all the six directions. . . . . . . . . . . . . . . . 55
I.1

(a) Accelerometer measurements of stimulus with square modulation. (b)
Zoomed stimuli, showing the sinusoidal oscillation pattern . . . . . . . . 113

I.2

Accelerometer measurement of stimulus with Gaussian modulation . . . 113

I.3

Accelerometer measurement of stimulus with sine modulation . . . . . . 114

I.4

Accelerometer measurement of stimulus with sine-squared modulation . . 114

xi

ABBREVIATIONS
SOA

Stimulus onset asynchrony

AM

Amplitude Modulation

SD

Standard Deviation

xii

ABSTRACT
Severgnini, Frederico M. Q. M.S., Purdue University, August 2018. Snake eﬀect:
Investigation of a novel haptic illusion. Major Professor: Hong Z. Tan Professor.
This study was based on tactual illusions produced by vibrotactile units. A novel
haptic eﬀect based on amplitude modulation was developed, called here the ”snake
eﬀect”, which consists on a continuous motion that is smooth, wavy and creepy. Two
studies were conducted in order to parameterize this novel haptic eﬀect aiming to: (1)
ﬁnd the fundamental parameters that allow the snake eﬀect to happen in a straight
line, (2) assess if the parameters can be implemented for curved trajectories after
being combined with funneling, as seen for apparent motion in literature. Study 1
used a 2x6 haptic display in the dorsal part of the forearm, consisted of a pilot and
a main study. Participants were asked to rate how the eﬀect was being perceived
in an adaptive method. It was found that the eﬀect has a lower and an upper SOA
(stimulus onset asynchrony) boundaries and that lower stimulus durations cause a
decrease in smoothness and creepiness. It was also found that not every amplitude
modulation works to produce the snake eﬀect, and that the best options among the
ones investigated are Sine, Sine-Squared and Gaussian modulation types. Study 2
used a 4x4 haptic display in the left forearm and asked participants to draw the
motion and direction of movement they perceived in a sheet of paper. In this study,
it was found that the direction of movement is easier to tell than the trajectory itself.
Also, that the beginning and ending of the motion are harder to feel than the middle
of the movement. These ﬁndings provide relevant parameters to apply this new haptic
eﬀect based on vibrotactile actuators in current and future haptic displays.

1

1. INTRODUCTION
The present work was inspired by two main factors: the potential that tactile interfaces have to improve current electronic devices and human-computer interaction,
and the relevance of haptic illusions to the scientiﬁc understanding of perception.
In terms of human-computer interactions, the use of haptic interfaces oﬀer new
means of presenting information without overloading commonly used senses, such as
vision and hearing [1–3]. These interfaces can also take advantage of known tactile
illusions to improve immersion in virtual reality and gaming systems [4, 5]. In the
medical ﬁeld, an eﬀective simulation using haptics could reduce the time wasted in
extended procedures, the necessary guidance needed from experienced practitioners,
and the occurrence of medical errors [6]. For those reasons, presenting new tactile
phenomenon could pave the way for new haptic displays and applications, as well as
improve the ones already known.
When studying human perception, illusions can be deﬁned as a percept that misrepresents a physical reality [7], or as a discrepancy between the physical characteristics of an event and how it was observed [8]. The knowledge of human perception is
derived in part from these disparities, therefore exploring illusions oﬀer a way of understanding the neurophysiology and psychophysics of perception [9, 10]. Observing,
for example, that certain haptic illusions are present even if the skin is anesthetized
lead to the conclusion that certain illusions have their origins in the central nervous
system, not in skin mechanics [7]. The fact that some illusions are known to happen
in multiple sense channels lead to the hypothesis that there is a central mechanism
above primary sensory areas of the cortex, mediating the perception [11]. Further
studies related to the simultaneous observation of visual and auditory illusions lead
to the theorization that not a single mechanism mediates all modalities, but rather
that the perceptual system can be viewed as comprising independent members, al-
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though capable of communicating with one another [12]. All these ﬁndings serve as
examples of how the understanding of perception arose by exploring illusions and
noticing how humans observe it.
This study presents a novel haptic illusion, that will be here referred to as the
snake eﬀect. This eﬀect is generated when a set of discrete actuators create a moving
sensation in the skin. Despite being produced by a discrete set of non-moving actuators, this illusion conveys the sensation of a continuous, smooth and wavy motion,
also perceived as being creepy, similar to a snake crawling in the skin (thus the name
”snake eﬀect”). The snake eﬀect can be generated with a simple set of 4 aligned
actuators touching the skin, and can also be scaled to produce a clearer experience,
with more actuators. It was later proved that this eﬀect can also be successfully
generated in non-linear trajectories in the skin, using a low-resolution haptic display.
During the development of this project, several challenges had to be addressed: First,
since this is a novel eﬀect, there was a myriad of parameters to be investigated, whose
relevance to the snake eﬀect needed to be assessed. For this reason, a pilot study was
ﬁrst conducted, aiming to test a series of diﬀerent conditions. Secondly, since the
characteristics of this eﬀect are essentially subjective (”creepiness”, ”smoothness”,
”wavy-like nature” etc), ﬁnding the correct method to quantify these characteristics and pick the ”optimum phenomenon” was a challenge in itself. For this part of
the study, a set of experiments with 10 participants was conducted. Thirdly, it was
necessary to investigate the potential of this eﬀect to be applied for more versatile
situations. The basic question was whether this eﬀect could be applied to curved
trajectories in the skin, such as a spiral around the forearm, and if so, how this could
be implemented. Other haptic illusions have been demonstrated to work producing
non-linear trajectories in the skin, and an algorithm for this application was published [13]. This algorithm, however, had some technical incompatibilities with the
generation of the snake eﬀect, so it had to be determined if this illusion was robust
enough to be perceived in curved trajectories. Lastly, one of the building blocks related to the curved snake eﬀect, the haptic funneling, was known to get weaker if
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produced in a region directly over bones [14]. Since the eﬀect was being tested in
the forearm, it was expected that issues in perception could emerge when the illusion
approached the wrist, a region that has higher bone density.
As far as the experimental paradigm is concerned, this study applied diﬀerent
psychophysical methods to solve diﬀerent problems: a 3-interval one-up two-down
forced-choice procedure was used to estimate the individual threshold at 300 Hz [15],
a method of adjustment was applied to calibrate the actuators [16], and a series of
one-up one-down experiments were used to measure the characteristics of the eﬀect
and understand how they vary as a function of some of the parameters. The one-up
one-down experiments were interleaved in order to remove bias [17, 18].
The thesis is organized as follows: Chapter 2 presents the fundamentals related to
haptic illusions and their applications. Chapter 3 discusses the studies performed to
investigate the snake eﬀect parameters and how to optimize them. Chapter 4 investigates how to implement non-linear snake trajectories. Chapter 5 is the conclusion
of this study and analysis of future work. The Appendices contain the data related
to the experiments performed in the main study and the non-linear snake study.

4

2. BACKGROUND
This chapter reviews general concepts necessary to the development of this thesis. The
ﬁrst topic addressed is the general understanding of touch and the relevant aspects to
take into consideration to design haptic displays. Then, three known haptic illusions
related to the present study are addressed (saltation, apparent motion, funneling).
Finally, examples of current haptic applications are given. All the haptic illusions
presented in Chapter 2 can be reproduced by using vibrotactile actuators, also known
as tactors. The stimulus each tactor produces in the skin basically consists of a
mechanical vibration with a certain frequency, duration and amplitude. By varying
these parameters, and also adding a delay for a group of tactors to turn on in a
sequence, the haptic illusions can be created.

2.1

Touch
In this study, the actuators used in the haptic display stimulated the skin by

producing vibrations with the desired frequency and amplitude. In order to properly
design the stimuli, it is important to comprehend how human haptic system works,
especially under the inﬂuence of mechanical vibrations. The haptic system is widely
distributed over the whole body, allowing the skin to be better than the ears at making
spatial distinctions, and better than the eyes at making temporal distinctions [19].
It consists of a series of sensory receptors capable of processing sensations caused
by mechanical displacements of the skin, changes in temperature, pain, and internal
sensations related to positions and limb movements [19, 20].
The sensory receptors related to mechanical stimulation or pressure are called
mechanoreceptors. This group can be divided in 2 sub-groups, depending on the
adaptation rate: Fast-adapting (FA) and Slow Adapting (SA) [20, chapter 12]. FA
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receptors respond during changes in the skin (when stimulus is applied and removed),
but they have no response to steady-state stimuli. The SA receptors also respond
to sustained deformations (when the stimulus is in contact with its receptive ﬁeld).
[20, 21]. Depending on the size of the receptive ﬁeld, the mechanoreceptors can be
divided Small (I) or Large (II). Therefore, 4 sub-groups of mechanoreceptors can be
established: FA I, FA II, SA I, SA II. All these sub-groups can be seen in Table 2.1.
Table 2.1.
Response characteristics of the four mechanoreceptor populations [20, chapter 12]
Adaptation Rate

Small Receptive Field

Large Receptive Field

Fast

FA I

FA II

Slow

SA I

SA II

Each one of these mechanoreceptors is responsible for responding to a diﬀerent
feature of mechanical stimulation. The sum of all the diﬀerent responses gives the
perception related to a certain mechanical stimulation. In Figure 2.1, it is possible to
see how sensitive each mechanoreceptor subgroup is to a certain frequency range, as
well as the average between them. The y-axis is displaying threshold, therefore the
frequency of 300 Hz corresponds to the most sensitive frequency value, due mostly to
the large fast-adapting mechanoreceptors (FA II).
Besides the sensitivity threshold for diﬀerent frequencies, another parameter relevant to the implementation of haptic display technology is the two-point discrimination threshold, i.e. the minimum distance between two stimuli necessary for them to
be perceived as separate [20, chapter 12]. For two stimuli applied at close body sites,
there must be a suﬃcient concentration of receptors at the skin to properly identify
them as being separate [20, chapter 12]. Since the density of innervation varies greatly
from one region of the skin to the other [21], this parameter varies signiﬁcantly with
the region of the body being explored [23]. Gender and age are also factors that need
to be taken into account: men and women have diﬀerent threshold values, but they
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Fig. 2.1. Threshold limit for each frequency value, and average threshold sensitivity from 0.1 to 1000 Hz. [20, chapter 12], after [22]

are closely related to each other [24], and aging results in decline in acuity [25, 26].
This measurement is of great importance to understand what is the highest perceivable resolution of haptic displays, for each body part. This project is focused on
sending stimuli to the forearm, a region for which the female mean discrimination
threshold lies between 40 mm (right side) and 37 mm (left side). For males, the
mean values are 43 mm (right side) and 47 mm (left side) [23]. The forearm acuity
values are by no means impressive, if compared to other body parts. There are plenty
of other regions with higher acuity: thumbs and ﬁngers have threshold values lower
than 5 mm; lips, nose and forehead values are lower than 10 mm [23]. However, the
forearm was still chosen to be the region stimulated by the haptic display for having
a large contact area, and also for being a region for which wearing haptic devices is
simple. Besides, using a display in the forearm allows for participants to have hands
free. In practical situations it can be quite useful to allow people to use their hands
for other activities, while information is being received in the forearm.
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2.2

Saltation
The illusion of saltation, also known as cutaneous rabbit [27], is an illusion char-

acterized by incorrect localization of cutaneous stimuli. It is an example of how the
brain develops a subjective experience of time, leading to mislocalization eﬀects [28].
This illusion can be generated by presenting a sequence of short taps in the skin, in
diﬀerent body sites with speciﬁc delay between the taps. If location A in the skin is
tapped three times in a row, followed by another three taps at location B, and then
followed by one tap at location C, the perception is that seven equally distributed taps
happened, from A to C [29]. Observers report feeling two taps between A and B, and
two taps between A and C, even though these regions were not really stimulated [29].
These mislocalized taps are called ”phantom taps”, and are observed as having the
same qualities as regular taps [30]. Using the right set of parameters, the phantom
taps are perceived even if the skin is anesthetized, with the same spacing, discreteness
and intensity, indicating that saltation has its origins in the central nervous system,
not in skin mechanics [7, 30].
The delay between the taps is the most important parameter to generate this
illusion [28]. For a delay of 300 ms, the taps are observed as happening in their
veridical locations. For a delay of 200 ms, observers report mislocalization eﬀects,
and the shorter the delay, the greater the mislocalization [19, 27]. The fact that the
illusion is ﬁrst noticed around 200 ms indicates that the central nervous system can
hold a stimulus for a quarter of a second while subsequent nearby events modify it
by changing its perceived location [27]. Being 50 ms apart, the taps are perceived
being equally distant, and when the delay is decreased to 20 ms, the displacement
becomes so signiﬁcant that a tap from location A is perceived in location B [27].
Other parameters have secondary importance in order to produce this illusion, such
as number of taps, intensity, tap duration. The number of taps at each location
should be constrained between 2 and 12 (but the optimal number is between 4 and
6) [31]. An increase in the intensity of taps increases the perceived displacement of
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phantom tactors. If compared to changing the delay, however, change in intensity is
much weaker to control displacement [27]. The tap duration should not exceed 70 ms.
For any location A in the body that will receive the ﬁrst set of taps, there is an area
around it constraining where location B can be chosen, for the second set of taps to be
applied. After this area, the phantom tap won’t be perceived as being mislocalized.
Therefore, there is a maximum distance between loci for saltation to be felt, which
depends on the region of the body [19, 27]. For the back, for example, tactors should
not be at distances greater than 10 cm from each other [2]. The cutaneous rabbit
has been observed in several diﬀerent body regions, such as ﬁngertip, forearm and
back [2, 29]. It has been observed in out-of-body situations as well: if a user holds
a ruler and the tactors are placed in the ﬁngers holding it, the phantom tactor is
reported as being located in the ruler itself [32]. If the observer is not holding a real
ruler, but instead is watching the ruler in a virtual reality system, the same out-ofbody experience can be observed [4]. Saltation can occur across the body midline,
if a tactor is placed at the midline of the body [31]. By making use of the phantom
tactors, it is possible to arrange fewer tactors in a haptic display and use the saltation
illusion to increase the perceived resolution of taps. By doing so, saltation can be used
to convey directions drawing straight line trajectories [2] and also to draw geometric
shapes, such as a circle, in the skin [33].

2.3

Apparent Motion
Another haptic illusion related to movement perception is called apparent motion,

also known as phi or beta movement [8]. This eﬀect consists of the perception of one
single stimulus moving across the skin, when a set of discrete taps are applied in
sequence [5, 8, 11]. Thus, by stimulating a series of sites in the skin, observers report
feeling one single motion continuously traveling from the ﬁrst tactor to the last one [8].
This allows a continuous sensation to be created using a set of discrete stimuli that
can be either vibrotactile or electrocutaneous [11].
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Diﬀerently from saltation, the apparent motion is perceived as a continuous sensation, not a sequence of discrete taps. Also, the space over which the two eﬀects
happen is diﬀerent: apparent motion can be experienced across the body mid-section,
being reported traveling to opposite sides of the forehead [19]. As mentioned before,
in order for saltation to travel across the body midline, a tactor must be placed in
the body midline itself (e.g. to travel from one shoulder to the other, a tactor needs
to be placed in the neck) [31]. This diﬀerence indicates that the neural mechanism
responsible for apparent motion is not the same as that which causes saltation [19].
The most relevant parameters for apparent motion are the duration of stimulus
and inter-stimulus delay [11, 34]. Duration has been reported as ranging from 25 to
400 ms, and the optimal delay was found to depend on duration and on the number
of sequentially activated tactors [11, 34, 35]: for a duration of 100 ms, using 4 tactors
and a delay of 90 ms, participants reported perceiving movement 90 percent of the
time [36]. Increasing the number of tactors reduces the necessary delay, stimulus
duration, and increases the overall quality of the perceived motion [36]. Using 3
tactors, participants require a delay of 320 ms to correctly identify the direction
presented with the apparent motion illusion 75% of the time. Using 12 tactors, the
same direction could be identiﬁed with 75% correct rate with a delay of only 20
ms [37]. Also, an increase in the number of stimuli used to generate the illusion
results in a clearer perception of motion [37].
If the distance between each tactor exceeds 20 cm or the motion extends over
joints, the eﬀect is reported to lose clearness halfway between both tactors [11, 34].
Despite these limitations, apparent motion has been also observed in adverse conditions, such as having right and left index ﬁngers touching, starting the stimulation in
one ﬁnger and ﬁnishing at the other [34]. Apparent motion was also reported being
used to create circular and curved lines in the skin [37, 38] and to create a motion
that loops around the arm [39].

10
2.4

Funneling
The third illusion relevant to this study is known as funneling. This eﬀect happens

when two stimuli are presented simultaneously in adjacent locations on the skin.
Under these conditions, the stimuli are not felt separately; instead, the perception is
that they are combined to form one sensation between the stimulated locations in the
skin [14, 40]. Funneling location depends on the intensity of tactors [41]. Therefore,
if both stimuli are presented in the skin with equal intensity by tactors A and B,
the perceived funneling location is in the middle of the two tactors. If one tactor is
vibrating with higher intensity, the perceived location is shifted towards the location
of the higher intensity tactor [14, 42, 43].
Funneling can be observed over a large number of tactors and over diﬀerent stimuli
frequencies: with three tactors acting simultaneously, the perceived funneling can be
felt inside the triangle formed by the three tactors [13]. With ﬁve tactors arranged in a
line, vibrating with equally intense stimuli but diﬀerent frequencies, only the vibration
in the middle is perceived with veridical frequency. The other vibration frequencies
are not felt veridically, and their apparent loci shift to the middle, causing an increase
in the perceived intensity of the tactor in the middle [40].
In terms of human perception, two diﬀerent phenomena happen during funneling:
summation and inhibition. Summation is an increase in neural activity produced by
one stimulus when another stimulus act on an adjacent area. Inhibition is a decrease
in a second stimulus, due to the presence of the ﬁrst one [40, 44]. In the ﬁve tactors
case, summation happened to the tactor in the middle, and inhibition happened to
the peripheral tactors that were vibrating at diﬀerent frequencies.
Diﬀerently from saltation and apparent motion, funneling is not necessarily associated with motion; it can happen in a single region in the skin and remain localized
there. However, since a change in stimulus intensity shifts the perceived location of
the illusion, it is possible to generate a perception of funneling motion by gradually
changing the stimuli intensities over time [42, 43]. One advantage of the funneling

11
motion compared to the other illusions of movement is not being constrained by the
temporal parameters of duration and delay as seen in saltation and apparent motion.
Therefore, funneling motion can be used to create the perception of slower motion
patterns [42].
In general, to produce funneling the tactors should not be placed on an area
directly over bone, since this could create undesired vibration transmission through
the bone [14]. Also, in order to generate the funneling motion, it is important to take
into account the linear and logarithmic intensity trade-oﬀ: the perceived location
of the funneling illusion is dependent on the stimuli intensity of the tactors, in a
logarithmic ratio [14]. If a certain application aims to produce the funneling motion
and the tactor intensities vary linearly in time, the funneling intensity logarithmically
fades in the midpoint [14, 42]. However, when applying linear intensity variation, the
perceived vibrotactile ﬂow spans over a longer distance [45].
The quality of the funneling motion is also constrained to a range of velocities: for
the dorsal part of the forearm, a motion faster than 200 mm/s using the linear intensity variation is perceived as two distinct stimuli. For velocities lower than 10 mm/s,
the movement disconnected midway [42]. Therefore, an intermediate value should be
adopted to guarantee an eﬀective illusion observation. The distance between tactors
also plays a role: for the forearm, if the distance is below 40 mm, the participants do
not distinguish funneling motion between the two tactors accurately. For distances
greater than 80 mm, the motion is perceived as being faint in the middle. For a
haptic display in the upper arm, tactors should be between 100 to 130 mm apart,
and stimulus duration should not be less than 250 ms [14].

2.5

Comparing Known Illusions With the Novel Eﬀect
When generating sensory saltation or apparent movement, sinusoidal vibratory

signals gated with a square-waveform are used to drive multiple tactors successively.
The snake eﬀect explores what happens when other types of waveforms are used to
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modulate the high-frequency vibratory taps sent to multiple tactors. It was found that
the use of a Gaussian modulation, for example, makes the movement feel very smooth,
continuous, wavy and somewhat creepy, as though a snake or python is crawling on
the skin. The authors are only aware of one brief study where the intensity of the
stimulation pattern is modiﬁed to convey motion [46]. The snake eﬀect diﬀers from
saltation by being continuous, but it is similar in the sense that it is also capable of
conveying motion and enhances the perceived resolution of a discrete haptic display
by using fewer tactors to produce a complex sensation. The snake eﬀect diﬀers from
apparent motion by being smoother, wavy and creepy, but share in common the
fact that both are continuous illusions of movement. The snake eﬀect also uses the
principle of funneling in order to produce non-linear trajectories. In this case, a
group of 3 real tactors act combined to produce the sensation of one tactor located
in between them; this ”virtual tactor” generated will contribute to the snake illusion
just like the real tactors.

2.6

Haptic Applications
Most of the available electronic devices are focused on using vision and hearing to

transmit information. Haptic interfaces, on the other hand, enable person-machine
communication through touch [3]. Vibrotactile technology is capable of displaying
intuitive information with low complexity and cost [47]. As such, haptics oﬀer a new
dimension to be explored by wearable devices, allowing users to receive information
without competing with applications already using hearing and audition [33]. This
section aims to oﬀer examples of haptic technology applications. Since the aim of this
study is to present a novel haptic eﬀect, it could be used to improve current haptic
devices and also pave the way for new applications.
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2.6.1

The Haptic Back Display

Using a 3x3 array of tactors in the back with inter-tactor spacing of 8 cm, [33]
managed to induce directional cues (up, down, left, right, upward, downward) and
draw a circular pattern at the back. The device uses the saltation illusion to produce
its movement sensations, which were reported as being intuitive and independent of
any other coordinate information.

2.6.2

Tactile Brush

An array of 4x3 tactors is applied in the back, and by making use of apparent
motion and funneling between two tactors, [5] develops an algorithm that produces
smooth tactile moving strokes. The frequency, intensity, velocity and direction of
motion can be varied. Its application was tested for gaming, where environmental
feedback (weather, textures, air stream), object interaction (objects passing closely,
recoil, collisions) and innovative applications (magic spells, body scanning) were explored. As a result, the experience was reported as being enjoyable, but it is necessary
to avoid excessive exposure to vibrations, which could overwhelm the user. Some restrictions are: endpoints of the selected motion have to be physical tactors, and a
trajectory where the same tactor needs to be on to generate several virtual tactors
should be avoided. In this case, the stimuli from the diﬀerent virtual tactors overlap [13].

2.6.3

Moving Tactile Stroke

In another work, the idea of tactile brush presented in Section 2.6.2 was further
improved. Instead of using 2 tactors for the funneling eﬀect, three tactors were
applied in [13]. As a result, the eﬀect was felt as being closer to the desired motions
and having a more uniform velocity than [5]. The Tactile Stroke algorithm solves
the endpoint issue noted in Tactile Brush, improves the similarity from the desired
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motion to the perceived motion in the haptic display, and solves the overlapping issue
by working with stimulus durations lower than 70 ms [13]. The haptic display was a
3x3 array applied at the palm of the hand.

2.6.4

Edge Flows

Using 4 actuators, one placed in each corner of a 5x10 cm mobile phone mockup,
[48] managed to develop 13 distinguishable 2D vibrotactile sensations that rotate
along the edges. To do so, the funneling motion mentioned in Section 2.4 was applied,
adopting linear change in the tactor acceleration proﬁle.

2.6.5

Out-of-body Virtual Reality Haptics

As seen in Section 2.2, it was reported by [32] that out-of-body saltation eﬀects
can be felt in a ruler being held at both ends by the participant. Inspired in this
concept, [4] developed out-of-body illusions that can be felt without a medium. Instead, participants were interacting with virtual reality, observing a virtual ruler in
the screen. Saltation and funneling illusions were applied during these experiments.

2.6.6

Vibrotactile Amplitude Modulation Generating Texture

Applying amplitude modulation to vibrotactile stimuli can generate texture sensations in the observer without making use of force-feedback devices [49, 50]. Forcefeedback devices are heavy, non-portable and expensive [50]. For these reasons, the
possibility of generating the perception of texture using vibrotactile devices has inspired researchers, as a practical way of improving tactile cues in virtual reality systems.
By using a carrier frequency of 150 Hz and applying amplitude modulations at
1-5 Hz, the stimuli are perceived as a group of pulses [49]; by using modulations
with frequencies between 5-10 Hz, the pulses turn into a smooth vibration, producing
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texture-like sensations [49]. When using a 250 Hz carrier signal, sinusoidal modulations with 30 and 50 Hz create the sensation of roughness, a characteristic that can
be applied to communicate information tactually [51]. Using a carrier of 260 Hz and
modulating it with on-oﬀ envelopes, sensation of roughness and ﬂatness can be produced in the observers [50]. Controlling the ratio of on/oﬀ timing, diﬀerent texture
attributes are perceived [50].

2.6.7

Haptic Applications Overview

All the applications mentioned in Section 2.6 make use of vibrotactile devices, that
work under diﬀerent conditions to yield a series of speciﬁc sensations. The proposed
snake eﬀect is also produced by vibrotactile units and could be implemented in such
devices, in order to improve current applications. For example, the snake eﬀect could
be applied in the Haptic Back Display seen in Section 2.6.1. Doing so, not only
the user would have the direction information, but could also identify the directional
cue produced by saltation as an event that requires immediate action, and the same
directional cue produced by the snake eﬀect as an event that is not as urgent, for
example. The Edge Flows from Section 2.6.4 could make use of the snake eﬀect
pattern to increase the number of possible 2D vibrotactile sensations rotating along
the edges. And as seen in Section 4, the snake eﬀect was applied in the forearm
adopting the Moving Tactile Brush algorithm from Section 2.6.3.
In order to properly implement this novel haptic illusion in current applications
or to develop new devices that make use of it, it is important to ﬁrst parameterize
the illusion, determining optimal conditions that create it. In Chapter 3, a series of
studies exploring the snake eﬀect are reported, and several parameters are determined,
such as stimulus duration, delay between stimuli, frequency and modulation type.
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3. PARAMETERS FOR THE SNAKE EFFECT
This Section is divided as follows: Introduction oﬀers a basic overview of Section 3.
Methods reports how the pilot study and main study were designed, and the technical
details related to the snake eﬀect. In Results, data from the main study is described,
and in Discussion, conclusions about the experiments and the snake eﬀect are drawn,
and comparisons with known eﬀects are made.

3.1

Introduction
This section reports the exploration of the snake eﬀect and how the illusion is

perceived when certain parameters are changed. The participants are introduced and
stimuli, haptic display and graphic interface are explained in detail. A pilot study
was ﬁrst conducted as a starting point to investigate which parameters are relevant.
Duration, peak intensity, delay and modulation type were analyzed. After that, the
main study with 10 participants was conducted in order to investigate the limits
to the illusion imposed by the delay values. After applying statistical analysis to
the data obtained in the main experiment, conclusions regarding the importance of
modulation type and delay were drawn, and an optimum delay value was proposed.

3.2

Methods

3.2.1

Participants

A total of 12 participants (5 females; 22 to 31 years old) participated in the
experiment. Ten of the participants are right-handed and two are left-handed by
self-report. Participants P1 and P2 took part in the pilot study, only. Participants
from the main experiment are labeled as: P4, P5, P6, P8, P9, P11, P12, P13, P14,
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P15. Of the 12 participants, four of them (P1, P2, P4 and P12) had felt the snake
eﬀect prior to the present study. The other 8 participants were naive.

3.2.2

Apparatus

The experimental device is composed of a 2-by-6 tactor array that forms two
rows in the longitudinal (elbow to wrist) direction and six columns in the transversal
direction (perpendicular to forearm’s axis), as seen in Figure 3.1. Each actuator
consists of a wide-bandwidth tactor (Tectonic Elements, Model TEAX13C02-8/RH,
Part #297-214, sourced from Parts Express International, Inc.) with a soft, plastic
circular cap glued on top of it. The cap has a diameter of 2.172 cm and a thickness of
2 mm and is used to provide a larger contact area between the tactors and the skin.

Fig. 3.1. The tactor array. The tactor in the red circle was adopted
as reference in threshold testing experiments

The snake eﬀect has been observed using only one row of tactors. However, using 2
rows the eﬀect was perceived to be more clear. The goal is for the tactors to be placed
such that they homogeneously cover the dorsal part of the forearm of participants.
Since the tactors are attached by Velcro to the white fabric of the gauntlet, they can
be easily rearranged to adapt to diﬀerent forearm sizes.
The gauntlet is wrapped around the arm with Velcro strips to produce a snug
ﬁt and guarantee a good contact between the tactors and the skin. Each group of 4
tactors is attached to an individual segment of the gauntlet to allow better adjustment
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to the forearm. Figures 3.2a and 3.2b show a user wearing a protective sleeve and the
gauntlet on the forearm, respectively. The sleeve is composed of nylon and spandex,
and is worn to cover the participant’s skin for hygienic reasons.

3.2.3

Stimuli

It was mentioned in Section 2.6.6 that amplitude modulation can be applied to
generate the sensation of texture. The snake eﬀect also uses AM, but instead of
producing a speciﬁc texture, the goal is to combine AM with other factors such as
delay and stimulus duration to produce a particular type of motion that is smooth,
continuous, wavy and creepy. Other particularity of the snake eﬀect is that multiple
types of envelope were tested besides the sinusoidal modulation, as can be seen in
Figure 3.3. For the Sine case, the modulation frequency was 0.296 Hz, a value that
is much lower than the range reported to create the perception of texture (5-10 Hz
in a 150 Hz carrier [49]).
When using AM, the stimulus will suﬀer a gradual change in intensity over time.
In Figures 3.3b, 3.3c, 3.3d and 3.3e it is possible to see the same 300-Hz vibration
modulated with Sine, Sine-Squared, Gaussian and linear waves, respectively. The
modulations, except for the square-wave and linear modulations in Figures 3.3a and
3.3e, allow the stimuli to convey a smooth feeling and the sensation that the eﬀect

a

b

Fig. 3.2. The user’s arm with the protective sleeve (a) and wearing
the tactor array (b)
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does not have a constant intensity. In Figure 3.3f it is possible to visualize the
Sine-Squared modulation, zoomed between 0.20 and 0.30 s. At this time scale, the
fundamental frequency of 300 Hz can be seen modulated with a gradual increase in
amplitude over time.
The modulated pulses are delivered to multiple tactors with a controlled delay,
also known as the stimulus onset asynchrony (SOA). Figure 3.4 shows the timing
diagram of two modulated signals delivered to two tactors. The SOA shown are 300
and 800 ms for Figures 3.4a and 3.4b, respectively.
To produce the snake eﬀect, a sequence of pulses with a certain value of SOA is
generated in the haptic display. The ﬁrst column of tactors placed near the elbow is
turned on with a certain modulated stimulus ﬁrst (this column is in the far left at
Figure 3.1). After a certain value of SOA, the second column starts, and so on. This

a

b

c

d

e

f

Fig. 3.3. A single pulse with the following modulations: (a) square, (b)
Sine, (c) Sine-Squared, (d) Gaussian, (e) linear. The carrier frequency
is 300 Hz for all the vibratory signals. In (f) the carrier frequency can
be seen, with a gradual increase in intensity from 0.20 to 0.30 s
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a

b

Fig. 3.4. The same set of stimuli with Sine-Squared modulation, with
diﬀerent SOAs: (a) SOA = 300 ms, and (b) SOA = 800 ms. The
stimulus amplitude shown is normalized.

sequence happens until the column of tactors placed near the wrist is played as well.
The SOA and the stimulus type are kept constant, therefore, all tactors are producing
the same type of stimulation in the skin, with equal SOA from the previous tactor.

3.2.4

Pilot Study

Since this is a novel eﬀect, there is a myriad of possible parameters to explore. It
was therefore necessary to perform a pilot study to narrow down the most important
ones. For apparent motion, it is known that duration of stimulus and delay are
the most relevant parameters [11]. Extending this ﬁnding to the Snake Eﬀect, the
pilot study was ﬁrst conducted to manually adjust the eﬀect and understand how
diﬀerent duration values inﬂuence the experience. The conclusion is that stimuli
shorter than 1.69 s made the eﬀect quicker and less creepy, and values above 1.69 s
did not produce signiﬁcant improvements. For this reason, the stimulus duration for
the experiments was held ﬁxed at 1.69 s. By manually spanning the SOA values, it
became obvious that there is an optimum region of SOA values for which the eﬀect is
more impressive. For smaller SOA values the perceived eﬀect was no longer wavy, and
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for larger SOA values the continuity would break, turning the eﬀect into a localized
sequence of discrete stimuli across the skin. If the SOA had the same value as duration
of stimulus, the eﬀect was clearly discontinuous. With that in mind, it became clear
that it’s necessary to identify the range of SOA values for which the snake eﬀect
works. The experiments aiming to ﬁnd the SOA value for which the transition from
continuous to discrete happens was called the Upper SOA experiment. Likewise, the
Lower SOA experiment refers to the experiments to ﬁnd the transition point where
the eﬀect turns from wavy to not wavy. During these experiments, the frequency
was held constant at 300 Hz because it is known that the human skin has the lowest
threshold near this frequency [20].
After the initial investigation of duration and SOA, stimuli with four diﬀerent
peak intensities were tested: 20, 25, 27 and 30 dB SL (SL stands for sensation level,
and indicates how many decibels above the participant’s threshold is the stimulus’
intensity). Also, four modulations (Gaussian, Sine, Linear, Sine-Squared) and two
diﬀerent SOA limits (lower and Upper SOAs) were tested. Participants P1 and P2
explored the snake eﬀect under these conditions while maintaining the duration at
1.69 s and varying the SOA from 0 to 1.69 s.
Three important observations were made. First, the linear modulation did not
create the snake eﬀect, regardless of the SOA value. The perception was that the
eﬀect was never creepy nor wavy using this modulation. Secondly, working with a
maximum intensity lower than 30 dB SL compromised the illusion. Since the stimuli
intensities are modulated, only the peak reaches the maximum intensity. Therefore,
by limiting the pulses to values lower than 30 dB SL, the overall perceived intensity
was greatly reduced, and the eﬀect was not as clear. Lastly, Gaussian and SineSquared modulation felt very similar, to the point that P1 and P2 struggled to tell
them apart. Based on these ﬁndings, in the main study the stimulus duration was
set to 1.69 s, the peak intensity was kept at 30 dB SL and three modulation waveforms (Gaussian, Sine, Sine-Squared) were used. Gaussian modulation was used to
introduce the eﬀect to the participants, but due to its similarity with Sine-Squared
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modulation, it was not used as a modulation for the SOA experiments. The reason for choosing Sine-Squared modulation over Gaussian was that the former started
and ended with a zero amplitude. Appendix I shows accelerometer measurements
of the stimulus with Squared modulation (i.e. simple 300 Hz sinusoidal) and of the
stimuli that successfully produce the snake eﬀect: Gaussian, Sine and Sine-Squared
modulations.

3.2.5

Procedures and Conditions for the Main Experiment

During the main experiment, the stimuli were applied to the dorsal side of the
forearm. Participants were instructed to sit comfortably in the chair and to place the
left arm resting on top of a ﬂat surface, perpendicular to the sagittal plane. They
wore earmuﬀs to remove auditory cues. There were four experimental conditions (2
modulations and Upper/Lower SOA). The experimental conditions were presented in
a randomized order for each participant, and each experimental condition was followed
by a mandatory break, to avoid overusing the forearm skin. The participants also
had the choice of removing the device during the breaks, to help resting the skin.
At the beginning of the experiments, the participants felt the snake eﬀect once on
the forearm, and were asked to describe the sensation. This was done at ﬁrst to
make sure the illusion was felt properly. All participants in this study agreed that
the eﬀect felt like a wavy, continuous motion starting from the elbow and traveling
to the wrist. Each participant was then tested for the detection threshold at 300
Hz, followed by a tactor intensity equalization process, to ensure that all tactors felt
equally strong. The participants then proceeded to the initial training to become
familiarized with the snake eﬀect. Finally, four SOA thresholds were estimated, one
for each experimental condition. The rest of this section describes each step of the
experiment.
A three-interval one-up two-down (3I 1-up 2-down) forced-choice procedure was
used to estimate the individual detection threshold of a 300 Hz, 400 ms vibration [15].
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Each trial consisted of three intervals, out of which only one contained the stimulus.
The participant’s task was to indicate the interval (1, 2, 3) containing the stimulus.
After two consecutive correct responses, the amplitude of the vibration was reduced.
After one incorrect response, it was increased. The step size for the ﬁrst 4 reversals
was 5 dB. The step size for the remaining 12 reversals was 2 dB. A reversal was deﬁned
as the moment when the stimulus intensity changed from increasing to decreasing or
vice-versa. The threshold obtained this way corresponds to the 70.7 percentile point
on a psychometric function [15]. In Figure 3.1, the tactor used for the threshold
testing is circled in red. When participants were wearing the device, this tactor was
located on the dorsal forearm in the middle region. Tactor intensity adjustments were
then performed.
There are several factors that aﬀect the perceived intensity of each stimulus, such
as spatial variations in skin sensitivity, diﬀerent pressure levels with which the different tactors touched the skin, diﬀerences in the fabrication of each tactor, etc. To
account for these factors and produce perceptually equal stimulation at each tactor,
the participants went through a method of adjustment procedure to equalize the intensity felt in all the tactors with respect to a reference. For this process, the tactor
used for estimating threshold was set as the reference tactor. A vibration at 30 dB
SL with a square-wave modulation was played ﬁrst at the reference tactor, and then
on a target tactor. The participant manually adjusted the intensity at the target
until it was perceived to be equally intense as the reference. The adjustment data for
each participant was then used in the main experiment. By doing so, all the factors
that can change perceived intensity were being taken into account, and each tactor
was producing a stimulation with peak intensity of 30 dB SL. The participants were
allowed to remove the device during breaks. If they chose to do so, tactor adjustment had to be re-done, to account for pressure variations that occur when device is
strapped in the arm.
To familiarize the participant with the snake eﬀect and to introduce the characteristics being measured in the Upper and Lower SOA experiments, the interface
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shown in Figure 3.5 was presented where the SOA could be adjusted with a slider.
The snake eﬀect was then played with a Gaussian modulation. The participants were
encouraged to explore the snake eﬀect under various SOA values, to understand that
it felt discrete at high SOA values, not-wavy at lower SOA values and that there is a
range within these two limits where the illusion eﬀectively occurred. The participants
were free to either choose the value in the slide bar, type it in the box or ask the
experimenter to play the snake eﬀect with the desired value.

Fig. 3.5. Interface for manual adjustment of SOA

During data collection, an interleaved one-up one-down adaptive method was employed. For each condition, the participant felt the snake eﬀect with a given SOA,
and then had to provide an answer related to the eﬀect felt. In the Lower SOA case,
the participants were presented with the question “Is the signal wavy?”. In the Upper
SOA case, the question was “Is the signal discrete”? Both cases are shown in Figure
3.6. In addition to the text phrase, schematic representations of what is discrete and
what is wavy were added, to help participants understanding what was being asked.
In both Upper and Lower SOA cases, by answering “yes”, the next stimulus was
presented with a smaller SOA. By answering “no”, the next stimulus had a larger
SOA. For the 1-up 1-down method, each change in response constituted a reversal
(e.g., responding “yes”, then “no” on the next trial). The software was programmed
to start the experiment using a larger initial step size for SOA variations (45 ms) until
three reversals were reached, in order to easily allow the participant to reach the SOA
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b

Fig. 3.6. User interface for (a) lower and (b) upper SOA conditions.

values of interest where the reversals are happening more often. Then, the next ten
reversals happened with a smaller step size of 25 ms. Each experiment terminated
after 10 reversals at the smaller step sizes had been reached. In rare cases where the
adaptive procedure did not terminate after 100 trials, the procedure was stopped and
started all over again.
For each experimental condition, two interleaved series, one Ascending and one
Descending were conducted. For Lower SOA, Ascending series started at 50 ms and
Descending series started at 350 ms, as shown in Figure 3.7a. These values were
chosen because a preliminary test indicated that the limit where the eﬀect starts
feeling wavy is located within this range. In the Upper SOA case, Ascending and
Descending series started at 600 and 900 ms respectively, as shown in Figure 3.7b.
The choice of values followed a similar preliminary test. On each trial, the software
randomly selected either an Ascending or a Descending series. By doing so, subjects
were not aware of the change pattern in the stimuli, therefore bias due to anticipation
and habituation changes in stimulus level will not happen [17].
After each pair of Ascending/Descending series ended, the data were examined for
convergence. If there was a gap higher than 250 ms between the highest and lowest
reversal for each series, the condition was considered to have diverged and had to be
repeated. In Figure 3.7a, both the Ascending and Descending series have a gap of
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b

Fig. 3.7. Experiment plots: Lower SOA condition (a) and Upper SOA
condition (b). Both for P15, using Sine-Squared modulation.

75 ms at the smaller step size reversals (375 to 300 ms for Descending, 265 to 340
ms for Ascending), and both methods ended with less than 30 trials each. Therefore,
the total number of trials was less than 60. The interleaved series that compose this
condition are plotted with diﬀerent colors: Ascending series (blue) starts at 50 ms,
and increased until it reached 365 ms. At this point, the participant produced the ﬁrst
reversal with the larger step size, by answering yes for the ﬁrst time, to the question
“Is the signal wavy?”. At trial number 13 (SOA = 300 ms) the ﬁrst reversal with the
smaller step size occurred, and from this point on, the reversals were happening within
a 75 ms range. A similar behavior can be seen for the Descending series (brown): it
starts at 350 ms, the ﬁrst small step size reversal happens at 375 ms. In Figure 3.7b,
the Descending series has a gap of 100 ms (from 640 to 540 ms) and the Ascending
series has a gap of 75 ms (from 565 to 490 ms). The Ascending series took 21 trials
and its ﬁrst small step reversal happened in trial 14. The Descending series took 28
trials and its ﬁrst small step reversal happened in trial 9. The sum of all trials from
Upper SOA experiment add up to less than half of the 100 trials limit.
For each condition, trials from Ascending and Descending series are being randomly presented to participants. Therefore, the trial number in the x-axis does not
inform the sequential order with which the trials were presented to the participant.
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Instead, it displays the moment where the trial happened relative to its own series.
The plots for all the participants and all the conditions can be seen in Appendices A,
B, C, D.

3.2.6

Data Analysis

Due to a software glitch, the number of reversals with the larger step size was
not the same for each adaptive series. Instead, it varied from 1 to 3. The number
of reversals with the smaller step size also varied, between 10 and 11. Despite the
software issues, all experiments produced at least 10 reversals at the smaller step size,
which are necessary to calculate the mean of Upper and Lower SOA limits, as well
as the standard deviation and standard error. Once the experiments described in 2.5
are ﬁnished, each pair of reversals at the smaller step size (one peak and one valley)
was averaged. Since there were 10 of such reversals in each series, and two series per
condition, every condition resulted in 10 averages per participant. These averages
served as threshold estimates. The overall mean and standard error were computed
from the 10 estimated thresholds.

3.3

Results
In Figure 3.8a it is possible to see the mean Upper and Lower SOA limits for the

10 participants, with the standard errors. For the Sine modulation, the lower mean
is 263.25 ms, and the upper mean is 820.25 ms. For the Sine-Squared case, the Lower
SOA mean is 280.25 ms and the Upper mean is 776.5 ms. The Sine-Squared SOA
modulation results present a smaller range, having both a higher Lower SOA, and a
lower Upper SOA than the Sine modulation. The range of SOA values is 496.25 ms
for Sine-Squared and 557 ms for the Sine case.
In Figure 3.8b, it is possible to see the standard deviation (SD) values. For Sine,
Upper SD is 157 ms, the highest value among all cases. The Lower SD is 86.57 ms,
which is the lowest value among all cases. For the Sine-Squared case, the SD values
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are closer together: 113.19 ms (Upper SOA) and 130.76 (Lower SOA). It can be
inferred, therefore, that the dispersion between the individual participants’ results
to characterize Upper and Lower boundaries is similar for Sine-Squared modulation.
The higher SD gap in the Sine case, in the other hand, indicates that the individual
participants’ values are more dispersed for Upper SOA than they are for Lower SOA.
Since Lower SOA for Sine case has the the lowest SD value, this is the case where
there is less variance between individual results. The Upper and Lower SD values
follow no trends between the diﬀerent modulations: the Upper SOA has the highest
SD for the Sine case but the lowest SD for the Sine-Squared.

a

b

Fig. 3.8. Mean upper and Lower SOA limits with standard error bars
(a), standard deviation for upper and Lower SOA (b).

Table 3.1 shows the mean values for the small step reversals for each participant
and condition. Each pair of values in a table cell corresponds to the means for
Ascending and Descending methods, respectively. Table 3.2 shows results of Skewness
and Kurtosis analysis for all the modulations and boundaries observed in Table 3.1,
providing good support for the assumption that the data has a distribution close to
normal. When performing the Jarque-Bera test, the null hypothesis that the data
comes from a normal distribution at 5% signiﬁcance level was accepted for all the
modulations and boundaries. As such, the 95% conﬁdence interval on the mean was
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Table 3.1.
Mean values of small step reversals for each participant, in ms. Each
pair of values correspond to Ascending and Descending methods, respectively
Participant

Sine,

Sine-Squared,

Sine,

Sine-Squared,

Lower SOA

Lower SOA

Upper SOA

Upper SOA

P4

117.5, 155.0

142.5, 112.5

732.5, 862.5

682.5, 715.0

P5

202.5, 220.0

250.0, 337.5

1062.5, 1087.5

845.0, 895.0

P6

287.5, 292.5

170.0, 192.5

680.0, 790.5

737.5, 780.0

P8

277.5, 257.5

525.0, 375.0

532.5, 1040.0

892.5, 905.0

P9

307.5, 345.0

302.5, 342.5

850.0, 852.5

535.0, 597.5

P11

380.0, 345.0

290.0, 315.0

505.0, 675.0

642.5, 635.0

P12

362.5, 387.5

460.0, 580.0

867.5, 937.5

860.0, 790.0

P13

340.0, 262.5

297.5, 265.0

702.5, 735.0

822.5, 850.0

P14

182.5, 147.5

167.5, 145.0

870.0, 912.5

880.0, 895.0

P15

210.0, 192.5

145.0, 190.0

800.0, 910.0

770.0, 800.0

determined using a Gaussian approximation [52], and its results are shown in Table
3.2.
The data were analyzed with a two-way repeated measure ANOVA with two
factors: waveform (Sine, Sine-Squared) and boundary (Upper and Lower). The results indicated boundary to be a signiﬁcant factor (F(1,19)=225.909, p<0.0005) while
waveform was not (F(1,19)=0.416, p=0.527). There was no observable signiﬁcant interaction of waveform and boundary (F(1,19)=2.248, p=0.125).
In some cases, Ascending and Descending methods converged to similar SOA
values, as in Appendix D.1a. In other cases, they converged to diﬀerent SOAs, as in
Appendix C.1i, indicating that the initial SOA values might be introducing bias to the
experiment. A T-test was conducted to analyze the diﬀerences between Ascending
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Table 3.2.
Range, Kurtosis and Skewness Tests for all conditions
Modulation

Kurtosis

Skewness

95% conﬁdence
interval (ms)

Sine

-1.13

-0.13

201.4 to 325.1

0.16

0.84

186.8 to 373.7

-0.11

-0.25

708.1 to 932.5

-0.46

-0.73

695.6 to 857.4

Lower SOA
Sine-Squared
Lower SOA
Sine
Upper SOA
Sine-Squared
Upper SOA

and Descending means, and the P-values can be seen in Table 3.3. Only for the
Upper Sine case the P-value was smaller than the Type I error (0.05), rejecting the
null hypothesis that the ascending and descending values are statistically similar.
However, because of the interleaved nature of the psychophysical experiments, even
if there is bias due to the initial SOA values, they are expected to cancel each other,
therefore not impacting in the overall Mean values presented in Figure 3.8.
During the pilot study some participants reported being able to distinguish between the stimulus with Sine and Sine-Squared modulations, if the two were played
one immediately after the other, while others reported feeling no diﬀerence at all. The
ones that reported being able to distinguish between both modulations agreed that
the Sine-Squared case was more clearly creepy and wavy than the Sine case for the
same SOA value. Those participants were not naive, and were aware of the waveforms
being used in the experiments.
During informal conversations after the main experiments, the participants were
asked if any experiment was harder or easier to perform, or if they had any particular
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Table 3.3.
P-values for T-tests examining the diﬀerences between Ascending and
Descending means for each modulation and boundary, with a Type I
error set at 0.05
Modulation

P-value

Sine

0.609

Lower SOA
Sine-Squared

0.669

Lower SOA
Sine

0.029

Upper SOA
Sine-Squared

0.132

Upper SOA

remarks about any part of the process. In this stage, no participant reported feeling
diﬀerences between the Sine and Sine-Squared modulation, and the opinions regarding
the Upper and Lower experiments were mixed: some reported the Lower experiment
was easier to answer, while others said the Upper case was easier.

3.4

Discussion
This study presents a set of parameters to produce a novel haptic illusion known

as the snake eﬀect. This illusion is characterized by being continuous, wavy, smooth
and creepy. Given the values of duration, frequency and intensity, it was necessary
to ﬁnd the upper and lower SOA limits for the proposed modulations, and later, to
analyze how modulation is related to the boundaries.
As seen in Section 3.3, there is no signiﬁcant inﬂuence of modulation in the lower
and upper boundary results. Considering the results from Figure 3.8a, it is possible
to adopt the midpoint between upper and lower SOA boundaries as a reference to
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produce the snake illusion, since this value is equally distant from the undesired
conditions of being discrete and not-wavy. These values correspond to 541.75 ms for
Sine modulation, and 528.36 ms for Sine-Squared modulation.
However, depending on the application, other values could be considered more
convenient: if the goal is to create the perception of a slower eﬀect, longer SOA
values would be a better choice. Considering the conﬁdence interval seen in Table
3.2, the SOA values can reach up to 708.1 ms for Sine and 695.6 ms for Sine-Squared.
By doing so, the eﬀect will gain additional 166.35 ms for each tactor being played
in the sequence after the ﬁrst one, for Sine modulation. For Sine-Squared, the gain
will be 167.24 ms. Likewise, if it’s desired to apply faster and less-wavy sensations,
shorter SOA values are more appropriate. Considering the conﬁdence interval for
Lower SOAs seen in Table 3.2, the SOA values can be lowered until 325.1 ms for Sine
and 373.7 for Sine-Square. This causes a reduction of the total duration of the eﬀect
eﬀect by 216.65 ms for each tactor in a series using Sine modulation after the ﬁrst
one, or 154.66 ms for the Sine-Squared case.
It is important to take into consideration that these SOA ranges were determined
for a stimulus duration ﬁxed at 1.69 s, with a peak intensity of 30 dB and a frequency
of 300 Hz. How upper and lower boundaries vary as a function of duration, intensity
and frequency remains to be investigated. In the apparent motion illusion case, it is
known that SOA varies with duration [5, 11, 34, 35], that duration and SOA are the
most important parameters to generate the illusion, and that changes in frequency
do not optimize the eﬀect [11, 34]. In the pilot study for the snake eﬀect, shorter
durations have been tested at 300 Hz and were considered not suitable to produce
the illusion. Similarly to the apparent motion, the SOA is an important parameter
for the snake eﬀect, but it is not known if longer stimulus duration would require
diﬀerent SOA values.
In terms of speed, there are signiﬁcant diﬀerences between saltation, apparent
motion, funneling motion and the snake eﬀect. For saltation, adopting stimulus
duration of 26 ms and SOA of 50 ms at the device reported in [2], the directional cues
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reach speeds of 473 mm/s, being an ideal choice to produce quick motion on the skin.
The quality of apparent motion is known to peak at duration values in the range of
150-200 ms [34,35], so this illusion is also constrained to a certain speed, reaching 363
mm/s in the setup reported in [35]. Apparent motion is therefore ranked as being
slower than saltation, but it can still be considered a quick motion on the skin. The
use of funneling motion has been proposed as a solution to create slower continuous
motion on the skin, with an optimal speed at 60 mm/s [42].
In the case of the snake eﬀect, using the reference SOA for Sine-Squared (0.528
s), the speed is 49.4 mm/s. Adopting the upper and lower SOA limits, the speed
can vary from 42.9 mm/s to 57.6 mm/s. In the Sine case (reference SOA = 0.542
s), the regular speed is 48.83 mm/s and it can range from 42.4 to 60.7 mm/s. This
means the snake eﬀect reaches even lower speeds than the optimal funneling motion,
being a great alternative when it is desired to produce continuous and slow motion
on the skin. These four illusions are produced by vibrotactile stimulation, therefore
the same discrete array could generate all of them, and each illusion could be adopted
depending on how quick the motion has to be.
In contrast to apparent motion and saltation, the snake eﬀect is also strongly
dependent on an additional factor, the amplitude modulation. Linear and square
modulations were tested in the pilot study (see Figures 3.3e, 3.3a), and did not work.
Symmetric AM envelopes with gradual increase and decrease in intensity, such as
Sine, Sine-Squared and Gaussian managed to produce the illusion (see Figures 3.3b,
3.3c, 3.3d). All the successful amplitude modulations share in common the fact that
the slope of intensity over time is not constant. Other waveforms with diﬀerent
properties could be tested as well, such as an asymmetric Rayleigh distribution. How
an AM envelope with diﬀerent patterns for intensity increase and decrease aﬀects
the perception of the illusion has not yet been investigated. Similarly to the AM in
the snake eﬀect, the funneling motion relies on either linear or logarithmic patterns
on change in intensity, which can be used to produce diﬀerent funneling sensations
[14, 42, 45].
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When investigating the applications of vibrotactile actuators to simulate gestures
used in social touch, it has been found in [53] that a sequence of stimuli with duration
between 600 and 800 ms and a delay ranging between 62.5 to 75% of stimulus duration
induced a discontinuous and creepy sensation. This study made use of low-frequency
stimuli (less than 5 Hz) to apply 1-2 N of normal force in the skin, and 800 ms was
the highest duration value reported. Similarly to the ﬁndings in the snake eﬀect, [53]
achieved the creepiness sensation with higher duration and SOA values. At lower
values, no reports of creepiness were given by the participants. The major diﬀerence
when comparing to the snake eﬀect ﬁndings related to creepiness is that the snake
eﬀect stimulus is longer (1.69 s), with an SOA of 31.24% of stimulus duration. Also,
as mentioned before, the snake eﬀect uses a fundamental frequency of 300 Hz and is
reported as being continuous. The fact that creepiness was achieved with much lower
duration values when applying lower frequencies in [53] indicates that frequency might
be another relevant variable to convey the creepiness sensation. As a follow-up study,
investigating the inﬂuence of frequency as a variable to the snake eﬀect should be
taken into consideration, as well as the possibility of applying frequency modulation
to the stimulus.
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4. EXPLORATION OF SPIRAL SNAKE
During the SOA experiments, the snake eﬀect was reproduced in a straight line. Since
this is a novel haptic eﬀect, it was of particular interest to assess how the illusion
would behave for spiral trajectories generated by a low-resolution haptic display. A
successful implementation of the snake eﬀect under this condition could pave the
way to future applications: complex moving trajectories could be implemented in
wearable devices as a way to transmit information, virtual reality simulators could
take advantage of this eﬀect to simulate a creepy sensation around the body, theme
parks could use this eﬀect to increase immersion in rides. For this reason, this chapter
aims to comprehend how the eﬀect is perceived under spiral and complex trajectories.

4.1

Introduction
Tactile algorithms to draw on the skin were proposed in [5] and [13]. As mentioned

in section 2.6.3, the Tactile Stroke improved the Tactile Brush by utilizing 3 tactors to
produce the phantom tactor, and by using duration values lower than 70 ms. For this
reason, the Tactile Stroke algorithm was used as a basis to generate spiral trajectories
with the snake eﬀect, and section 4.1.1 oﬀered an overview of this algorithm.

4.1.1

Review of Rendering Moving Tactile Brush Algorithm

This paper was presented as an improvement to the work developed in [5], where
apparent motion and funneling were used as driving mechanisms to create haptic
sensations. For this reason, the authors of [13] began the paper referring to the
linear model to determine the optimum SOA for apparent motion, as seen in Figure
4 from [5]:
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SOA = 0.32 ∗ duration + 0.0473

(4.1)

In Equation 4.1, SOA and duration are given in seconds. The authors of [5] also
adopted the relation between the intensity of a real and virtual tactor in funneling as
being described by:
r
A1 =

x2
Av ,
x1 + x2

r
A2 =

x1
Av
x1 + x2

(4.2)

Equation 4.2 was published as Equation (2) in [13]. Here, A1 and A2 are stimulus
intensities produced by tactors 1 and 2, respectively. Av is the perceived intensity
of virtual tactor, and xi are the distances from a real tactor i to the virtual tactor.
This relation is based on the assumption that the FA II channel can be described
by a model that integrates stimulus power [54]. It was also used in [5] to determine
the intensity of the virtual tactor generated by funneling, using 2 real tactors. The
energy moment due to each physical tactor is constant, and deﬁned by the expression
at Equation 4.3:

A2v = A21 + A22

(4.3)

x1 ∗ A21 = x2 ∗ A22 = constant

(4.4)

Fig. 4.1. Timing diagram of the tactile brush algorithm for n+1 tactors. [13]

Equations 4.3 and 4.4 were published as Equations (3) and (4) in [13]. The relation
seen in Equation 4.4 can be derived by simply starting with Equation 4.2, squaring
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A1 and A2 , then multiplying A21 by x1 and A22 by x2 . In Figure 4.1, it is possible to see
a timing diagram that represents the Tactile Brush algorithm. There, τi represents
time when intensity of tactor i is at maximum, SOAn−1 is the delay for tactor n to
turn on, and the total time for which tactor i remains active is di−1 + di seconds.
Using this representation, it is possible to express SOA for any tactor and τi with
Equation 4.5.

SOAi = 0.32(di−1 + di ) + 0.0473
i
X

SOAj + di = τi+1

(4.5)

(4.6)

j=0

Equations 4.5 and 4.6 were published as Equation (5) and (6) in [13]. Replacing
SOAi in Equation 4.6 by its value from Equation 4.5, and isolating all the di terms,
it is possible to get to the relation expressed in Equation 4.7.

di = 0.76τi+1 − 0.24di−1 − 0.76

i−1
X

SOAj − 0.036

(4.7)

j=0

Equation 4.7 was published as Equation (7) in [13]. Those derivations are based on
the model adopted in [5], which uses 2 real tactors to create funneling, and also allows
tactors to overlap in time with each other. The proposed changes in [13] assume the
use of 3 real tactors to generate funneling, so the intensity relation can be updated
and described by Equations 4.8 and 4.9, which were published as Equations (8) and
(9) in [13].

A2v =

3
X

A2i

(4.8)

j=1

x1 ∗ A21 = x2 ∗ A22 = x3 ∗ A23 = constant

(4.9)

It is also possible to express the intensity required by the real tactors Ai as a
function of the virtual tactor intensity Av produced by the funneling illusion, as seen
in Equation 4.10, published as Equation (10) in [13].
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v
u
u x1i
Ai =t P3

1
j=1 xj

Av

(4.10)

In Equation 4.10, xi is the distance between physical and virtual tactor. Ai
and Av represents physical and virtual stimulus amplitudes. In order to avoid the
overlapping between two tactors being simultaneously active, [13] proposes for the
SOA to be always greater than or equal to the stimulus duration. Considering the
SOA described by Equation 4.1 and the inequality SOA ≥ duration, the result is that
duration ≤ 70ms. This imposes an issue for the snake eﬀect, since in this application
the duration is ﬁxed at 1.69 s. This issue is addressed in Section 4.2.1.
An understanding of how an algorithm to draw on the skin uses funneling and
apparent motion is fundamental to applying it in the snake eﬀect. Section 4.2 reports
the modiﬁcations adapted to the snake eﬀect, how the haptic display was projected,
the stimulus characteristics, how the algorithm works, and how the experimental
setup was performed.

4.2

Methods

4.2.1

Spiral Snake Eﬀect Algorithm

In order to produce the spiral snake eﬀect, the algorithm proposed in [13] was
used as a basis, and Equation 4.10 was adopted to generate the virtual tactors for
funneling. Since this equation is position-dependent, the tactor coordinates in the
haptic display needed to be correctly calculated. One of the proposed changes was
not to use the constraint duration ≤ 70ms. Slower duration values such as 1000
ms change the snake eﬀect by making it faster, less creepy and less wavy. Further
reducing it by orders of magnitude completely deteriorates the illusion. Instead, the
proposed approach was to accept the overlapping between stimuli, as seen in [5]:
if one tactor had to be active for several diﬀerent virtual tactors, all the stimuli
would simply overlap. One consequence of this concession is that the motion was
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restricted to begin and end in a real tactor [13]. This situation can be seen in Figure
4.8a, where two stimuli are partially merged together because they happen in the
same tactor and overlap in the time domain. The following sections explain how the
display was developed, and how the spiral motion was produced.
For this study, all the eﬀects adopted the same parameters deﬁned in Section 3:
frequency of 300 Hz, stimulus duration of 1.69 s, peak intensity of 30 dB SL. Also,
the amplitude modulation adopted was Sine-Squared and the SOA chosen was its
optimal value (528 ms).

4.2.2

Spiral Snake Eﬀect Display

The same reasons that justiﬁed using the left forearm for the SOA experiments
motivated the use of this body part in the spiral snake eﬀect experiments: it’s easy
to wear devices in the forearm, it oﬀers a big skin surface, and using devices in the
forearm do not require hands to be constrained. Since most participants are righthanded, leaving the device in the left forearm allows them to freely move the right
hand, which was fundamental to perform drawings, as discussed in Section 4.2.5.

Fig. 4.2. Tactor placement diagram for the spiral snake eﬀect
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For the SOA experiments reported in Section 3, the snake eﬀect was only producing a straight line. Therefore, the tactors were aligned in a straight line at the
dorsal part of the forearm. In this experiment, the goal was to allow the snake eﬀect
to be perceived in spiral trajectories, so producing virtual tactors by funneling as
seen in [5, 13] was an essential requirement. For this reason, the new haptic display
required tactors to be evenly distributed across the whole forearm. In Figure 4.2 it is
possible to see a diagram of how an arrangement of tactors had to be placed in this
new haptic display. The red circles around the forearm are numbered from 1 to 4, 1
being closer to the wrist and 4 being closer to the elbow. Each tactor is represented
as a blue circle and it’s identiﬁed by a number from 1 to 16. As seen in Figure 4.2,
the goal was for each tactor to be equally distant from its neighbors within each red
circle around the forearm. Because of the forearm anatomy, circle 4 is the largest
one, since it’s closest to the elbow, and circle 1 is the smallest one, being closest to
the wrist.
Table 4.1.
Mean values for forearm and wrist measurements according to the
Anthropometric Survey of USA Army Personnel in 1987-88 [55]
Gender

Elbow to Wrist

Forearm

Wrist

Circumference Circumference

Male

29.03 cm

17.42 cm

30.35 cm

Female

26.25 cm

15.12 cm

25.37 cm

In Table 4.1, the mean values for forearm and wrist are shown. The measurements
of Elbow to Wrist and Forearm circumference were taken with the elbow ﬂexed 90
degrees [55]. The spacing between tactors inside a circle needs to be smaller than 8
cm to guarantee proper funneling in the forearm [42]. The tactor diameter is 2.172
cm. The mean male forearm circumference is 30.35 cm, with a standard deviation of
1.88 cm [55]. The mean female circumference is 25.37 cm with a standard deviation
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of 1.51 cm [55]. Considering the mean values, adopting 4 tactors in each circle yields
a maximum tactor spacing of 5.42 cm. Participants with forearms above the mean
circumference until up to 40 cm could wear the display without violating the maximum
tactor distance constraint.
When it comes to the distance between circles, the spacing constraint of 8 cm
must also be taken into consideration [42]; additionally, it is known that in apparent
motion, increasing the number of tactors improves the quality of movement [37]. This
condition was also assumed to be true for the snake eﬀect, and the gap between two
tactors was set as 2.5 cm. Even higher tactor resolutions could be proposed. However,
when designing haptic displays it is also important to consider the production of a
display that is inexpensive and simple. Therefore, there is a trade-oﬀ between the
desire to increase tactor density to improve quality, and the need to maintain the
simplicity of the display by reducing the number of tactors.
It was reported in [42] that tactor distance should not be less than 2 cm, in order
to promote proper funneling motion between tactors. Otherwise, participants would
struggle to feel motion. However, this condition assumes participants are trying to
experience funneling motion between two tactors only. In the proposed haptic device,
the total haptic display consists of a series of tactors distributed in the forearm, so
this lower funneling constraint was not considered an issue to generate the spiral
motion. And ﬁnally, another constraint known to funneling is that stimuli should not
be applied directly over bones, since this could lead to vibration transmission through
bone [14]. This issue is present especially near the wrist and elbow. To solve this
problem, the display was limited to only 4 circles, allowing the display to be located
between the wrist and the elbow without having tactors touching bones.
With the adopted tactor diameter and spacing, using 4 circles in the device produces a total length of 3 ∗ 2.5 + 4 ∗ 2.172 = 16.19 cm. Male and female mean elbow
to wrist length are 29.03 and 26.25 cm respectively, both with a standard deviation
of 1.54 cm [55]. Therefore, the whole haptic display can sit comfortably on most
participant’s forearm while avoiding actuators contacting in the wrist or elbow.
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Table 4.2.
Input data necessary for the Spiral Snake software to calculate Position of Tactors
Circle Number

Length (cm)

Arm size (cm)

Threshold (dB)

1

18.5

23

-44.7

2

21

3

26.5

4

28.5

Deﬁning the Tactor’s Coordinates
As seen in Equation 4.10, knowing the real tactor coordinates is critical to properly
generate the virtual tactors in the correct positions. Since size and shape of forearm
varies from person to person, the correct coordinates to place tactors around one
participant was not the same as for another one. For this reason, the haptic display
necessary for these experiments had to be easily adjustable for each user’s conditions.
In order to account for all the requirements, the proposed haptic display coordinates
were calculated for each participant, after taking their measurements as input. Table
4.2 shows an example of a table used as input for the software. There, it is possible
to see the measurements of each circle, the forearm length (cm) and the participant’s
threshold (dB). The forearm length was taken by measuring the length between the
wrist and the elbow crease, as seen in Figure 4.2. Therefore, this measurement is
not considering the whole elbow as done in [55], because the goal was to measure the
useful part of the forearm, i.e. the part that is not too close to the elbow bones. The
circle lengths were taken with a measurement tape. The threshold value was taken
with the same procedure as reported in Section 3.2.5.
Once the software receives the input table, it outputs the coordinates for the
haptic display, as seen in Figure 4.3. This Figure is a 2D representation of the 3D
haptic display around the forearm. The blue circles represent the tactors, which are
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Fig. 4.3. Tactor coordinates generated by the software

labeled with the same corresponding numbers as in Figure 4.2. The y-axis is along
the forearm’s longitudinal axis, with y = 0 cm being near the elbow. The x-axis is
the circumference of the forearm, so all the tactors with same y value belong to one
circle of the haptic display.
The open circles are a representation to aid the 2D map: in the bi-dimensional
diagram, it might look like T13 is far from T16. If we recall that this is representing a
circle, however, it’s easy to remember that T13 is actually close to T16 (this can also
be seen in Figure 4.2). Therefore, the empty circle at the left of T13 represents the
real position that T13 has relative to T16. Likewise, the empty circle at the right of
T16 represents the real position of T16 relative to T13. This visualization was important when analyzing the tactors chosen by the software to produce funneling. Using
these coordinates, the experimenter properly placed the tactors on the participant’s
forearm.
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Fig. 4.4. Haptic Display around the participant’s forearm

Each tactor’s center coordinate is marked on the participant’s forearm with a nontoxic sharpie. The tactors are then placed on the skin and fastened together using a
self-adhesive tape. In Figure 4.4, it is possible to see a participant wearing the device
on the left forearm.

4.2.3

Stimuli

Once the 2D mapping for tactors was produced, it was possible to choose the
trajectories to be played in the haptic display, by choosing the tactor for the beginning
and end of movement. Any tactor can be chosen as a starting or end point, allowing
combinations of diﬀerent lengths or forms other than spiral trajectories, such as rings
around the forearm and straight lines. In all cases, when visualizing a 2D map such
as the one in Figure 4.3, the trajectory was represented as a straight line between
the starting and ending points. This, however, does not necessarily map to a straight
line across the forearm. In Figure 4.5a it is possible to visualize the trajectory for a
motion set to begin at tactor 14 and end at tactor 8. In this case, tactor 14 is at the
radial side of forearm close to the elbow, tactor 8 is at the ulnar side, closer to the
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wrist. Therefore, the motion is a spiral starting at 14, traveling at the volar side and
ending at tactor 8.
After determining the trajectory, the software calculates the position of the loci.
Each locus is deﬁned as a location in the haptic display where the stimulation has
to be perceived at. The ﬁrst and last loci were always the starting and ﬁnal tactors
of the motion, respectively. The necessary number of loci between the starting and
ending point was determined by dividing the total trajectory length (in cm) by 5 and
rounding it to the largest integer. For two neighbor tactors with a distance less than
5 cm, there is one locus between the starting and ending points and 3 loci in total, so
the loci are less than 2.5 cm apart. For the display shown in Figure 4.4, the longest
trajectory is from tactor 4 to 13, which is 23.14 cm. Since the number of loci between
starting and ending points is 5, the spacing between each adjacent loci is 3.86 cm.
The loci for the trajectory between tactors 14 and 8 can be seen in Figure 4.5b.

a

b

Fig. 4.5. Haptic Display with trajectory selected to start at tactor 14
and end at tactor 8 (a), and trajectory (orange) with position of the
necessary loci (green circles labeled from 1 to 5).

In some cases, the locus was sitting exactly on a tactor, and in other cases, it was
located between tactors. If the locus is touching a real tactor (which is the case for
the loci in tactors 14, 11 and 8 of Figure 4.5b), the software generates a stimulus only
at that tactor, so the perceived location corresponds to the real one. If the locus is
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between tactors, the software determines the three closest tactors and uses them to
generate the perception of a stimulation at that locus by applying the principle of
funneling expressed by Equation 4.10. This is the case for the second and fourth loci
in Figure 4.5b. In these cases, the perceived location is an illusion.
The distance of each tactor to each locus was calculated in order to ﬁnd the closest
tactors. This condition can be seen plotted in Figure 4.6. In this Figure, the x-axis
corresponds to the loci identiﬁed by a number, 1 being the locus at the beginning
of the movement (at tactor 14 in Figure 4.5b), and 5 is the locus at the end of the
movement (at tactor 8 in Figure 4.5b). The y-axis represents the distances from locus
to tactors, in cm, and each line corresponds to one tactor. Tactor 14, for example,
is represented in this plot by the thicker dashed red line with square markers. The
distance from locus 1 to tactor 14 is zero, so this line starts in coordinate (1,0).
The distance from Tactor 14 to the other loci increases linearly until locus 5, where
distance is 15.12 cm. For locus 2, the three closest tactors are 10, 14, 11; details of
locus 2 can be seen in Figure 4.7, where a zoomed version of the plot is presented
for better visualization. For locus 3, the distance to tactor 11 is not zero, but it is
less than the tactor radius. This means that locus 3 is still inside the radius of tactor
11, so no funneling is necessary to stimulate this region. Similarly to locus 2, locus
4 requires funneling action, produced by tactors 7, 8 and 11. Finally, locus 5 sits on
tactor 15, so this was the only tactor producing the last stimulus.
As mentioned at the beginning of Section 4.2.1, overlapping between stimuli is
allowed in the spiral snake algorithm. In these cases, the stimuli are not simply added,
because addition would create new peaks when two stimuli overlapped, distorting the
modulated waveform. Instead, they are merged together, and the largest modulation
amplitude from the overlapping signals are chosen, as seen in Figures 4.8a, 4.8c and
4.8e. Figures 4.8b and 4.8d show cases where no overlapping happened between
stimuli.
The amplitude of each stimulus is a function of the distance between the real and
virtual tactors. This can be observed when comparing the amplitude values of the
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Fig. 4.6. Distance of each locus to all the tactors in the haptic display

overlapped stimuli in a single tactor: Tactor 14 has the ﬁrst peak with normalized
amplitude of 1 (which corresponds to 30 dB SL for each participant). In this case,
the locus is located exactly at tactor 14. The second peak is at 0.59, corresponding to
locus 2; this stimulus was produced by three diﬀerent tactors (14, 11, 10), as seen in
Figures 4.8. For this case, the combination of all these stimuli in the required tactors
produced the sensation of a motion that starts near the elbow in the ulnar side of
the forearm, and travels in a spiral motion and ends at the radial side of the forearm,
between elbow and wrist.

Stimuli Used in the Experiments
The goal of the experiment was to produce a set of snake eﬀects with curved
trajectories and ask the participants to draw what they felt. For this experiment,
6 trajectories were chosen, as seen in Figure 4.9. The red arrow pointing to tactor
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Fig. 4.7. Zoomed diagram around locus 2 for better visualization

4 corresponds to a spiral motion that starts at the dorsal side of forearm near the
elbow, travels through the volar area and ends in the ulnar side of forearm, near the
wrist. The other red arrow performs the same trajectory but in opposite direction,
starting near the wrist and ending near the elbow.
The green arrow pointing at tactor 1 corresponds to a motion that starts at the
radial side of forearm near the elbow, travels through the volar part of the forearm
and ends near the dorsal part of the wrist. Likewise, the other green arrow is a spiral
with the same trajectory but in the opposite direction. The blue arrow is a ring near
the wrist, starting in the dorsal region, moving to the thumb side of wrist, then to
the volar region, and ﬁnishing in the pinky side of wrist. The purple arrow is also a
ring, looping near the elbow in opposite direction: it starts at ulnar region, moves to
the volar region, then ﬁnishes in the radial side of forearm.
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a

b

c

d

e

Fig. 4.8. Normalized stimuli at each tactor, using sine-squared modulation.
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The four spirals adopted are the longest trajectories that can be produced in this
haptic display. The two ring motions were chosen to evaluate how easy it is for the
participants to distinguish a spiral, that loops over the arm and travels along the
forearm, from a ring, which only loops over the arm.

Fig. 4.9. Set of six trajectories used in the experiment.

4.2.4

Participants

A total of three participants joined this experiment (P1-P3). They are all male,
ages ranging from 21 to 31 years old, and have all felt the snake eﬀect in a straight
line before. No participant had previous experience with the snake eﬀect in a curved
trajectory prior to this study.
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4.2.5

Procedures and Conditions

During the experiments, the participants were asked to sit comfortably while
resting the arm on the table and positioning the forearm parallel to the torso. Two
stands were placed on the table for arm support, one in the wrist and another one in
the elbow. The goal was to make sure that the arm was comfortable while avoiding
the tactors at the volar part of the forearm being pressed against the table and the
forearm. This schematics can be seen in Figure 4.10.

Fig. 4.10. Schematics of how the participants were positioned during
the experiments. The blue stripes represent the haptic display.

Before the beginning of the experiments, it was necessary to run a threshold
detection experiment with a three-interval one-up two-down forced-choice procedure,
and tactor adjustments. These experiments were executed exactly as reported in
Section 3.2.5. Doing so ensures that the peak intensity was 30 dB SL in every tactor.
The participants were told that they were going to feel the snake eﬀect traveling
in multiple directions across the forearm, but they were not informed which motions
were possible and neither how many were being used in the experiment. After feeling
a motion picked at random, they had to draw on a piece of paper the trajectory
felt and also use an arrow to indicate the direction. The paper was rolled around a
cylinder to simulate the shape of the forearm, in order to help with sketching.
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By not knowing the possible motions and allowing them to draw instead of picking
an option in a set of predetermined multiple choice answers, the participants were not
preconditioned towards feeling any speciﬁc movement. In total, each participant felt
30 trajectories picked at random. The participant was allowed to ask for a motion
to be played again for as many times as he wanted, until he was ready to sketch the
perceived trajectory.

4.3

Results
All the sketches performed by the participants are available in Appendices E, F,

G and H. During the ﬁrst run with P1, the sheet of paper was placed on a table,
instead of being rolled in a cylinder to produce a similar 3D shape as the forearm.
It seemed possible that the participant may have felt confused when drawing certain
directions or certain motions. After realizing this issue, all the participants were told
to draw with the paper rolled on a cylinder only, and P1 was invited to re-do the
experiment using the cylinder.
Figure 4.11 shows sample sketches from P1 using the cylinder for each one of
the main directions, also highlighting the common issues observed. The sketches
in black correspond to what the participant drew, and the red arrows correspond
to the expected motion produced. In Figures 4.11a, 4.11b, 4.11d, 4.11e, 4.11f, the
sketches show perceived trajectories close to the expected motion. Figure 4.11c shows
a discrepancy: the participant felt a ring instead of a spiral. Figure 4.11g shows the
participant estimating the direction correctly and perceiving a spiral, but estimated
the longitudinal length as being less than the presented motion.
Figure 4.12 shows the sketches by P2, also highlighting the common issues observed. In Figure 4.12a the direction was correct, but the loop around the forearm
was estimated as being longer. In Figure 4.12c, the direction was correct, but the
participant reported that the motion started in the middle of the forearm, and also
perceived the loop around the arm as being longer than that presented. In Fig-

53

a

b

e

c

f

d

g

Fig. 4.11. Sketches drawn by P1.
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Fig. 4.12. Sketches drawn by P2 for all the six directions.

ures 4.12e and 4.12f, the directions were correct but the reported trajectories were
perceived as being more irregular than the presented motions.
Figure 4.13 shows some examples drawn by P3 and the common issues seen in
this experiment as well. In Figure 4.13c the length traveled across the forearm’s
axis was underestimated, but the direction was the same. For Figures 4.13a, 4.13b,
4.13d, 4.13e, 4.13f the drawings were similar to the produced motions. Figure 4.13g
shows a case where the direction of the loop was incorrect; despite the perceived and
real motion both pointing downwards, the participant reported a loop running in the
opposite direction.
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Fig. 4.13. Sketches drawn by P3 for all the six directions.
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4.4

Discussion
After the experiments, a debrieﬁng session was held. All participants reported

that the motion was easy to perceive, but detecting the exact points of beginning
and ending of the eﬀect was harder. When the participants were asked to draw the
sketches using a cylinder, only one case showed incorrect loop direction (as seen in
Figure 4.13g). This issue also occurred when P1 was drawing without the help of the
cylinder (as shown in Appendix E, presumably due to the diﬃculties in drawing the
2D sketch to represent a 3D motion.
Participants also reported that they often requested for the motion to be played
more than once in order to locate the starting and ending points of the eﬀect. Despite
these points being always generated by one single tactor at 30 dB SL, ﬁnding the
proper location of these points was a diﬃculty that the three participants shared.
The investigation of the spiral snake eﬀect aimed to check the applicability of
known algorithms for tactile moving illusions with the snake eﬀect, and to assess how
well it worked. Our results show that perceiving the direction of the eﬀect was not
diﬃcult, and the participants were often capable of perceiving the correct trajectory.
Apparent motion has been combined with funneling to produce strokes in the
back [5] and was further improved by applying 3 tactors to produce funneling and
making use of shorter stimuli [13]. Due to the necessarily high stimulus duration, the
snake eﬀect stimulus duration couldn’t be constrained to the same order of magnitude
as the stimuli proposed in [13]. However, the same relation of distance and tactor
intensity as proposed in Equation 4.10 was useful for creating strokes on the skin
making use of the snake eﬀect.
A few changes could made to further improve the snake eﬀect in spiral trajectories
even further. By setting the initial and ﬁnal stimuli with a higher intensity level,
participants might be able to locate the beginning and ending points more easily.
By applying funneling between three tactors at all loci, including the ones located
directly on top of a certain tactor, the eﬀect might have been clearer. These strategies
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could help participants to correctly estimate the traveling distance across the forearm,
which was the most common issue observed in the participant’s drawings. It remains
to be seen what impact the improvements suggested in Section 3.4 could also have
on the spiral snake eﬀect, namely the use of lower frequencies and also frequency
modulation.
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5. CONCLUSIONS AND FUTURE WORK
The present work explored a novel haptic illusion based on the application of amplitude modulation of stimuli generated with vibrotactile actuators. In the ﬁrst part of
the study, reported in Section 3, some basic parameters were determined: fundamental frequency of operation was set to 300 Hz, stimulus duration was ﬁxed at 1.69 s,
useful amplitude modulation types were Gaussian, Sine and Sine-Squared, and the
optimal SOA was determined as being 528.36 ms for Sine-Squared and 541.75 ms for
Sine modulation. Also, a range of useful SOA values was established, being 373.7
to 695.6 ms for Sine-Squared and 325.1 to 708.1 ms for Sine. This means that SOA
values diﬀerent from the optimal can be adopted in order to produce faster or slower
eﬀects.
An important consideration when choosing the SOA is that not only the speed
of the eﬀect changed, but also the quality: lower SOAs caused a decrease in the
perceived creepiness and wavy-like properties. Likewise, higher SOA values caused
an increase in these two characteristics. Statistical analysis of the experimental data
from the main study was conducted, and showed no signiﬁcant interaction between
the modulation type and the SOA boundaries.
In a haptic display based on vibrotactile devices, the snake eﬀect can be applied
in conjunction with other haptic illusions to convey diﬀerent types of information.
Saltation has been reported to produce fast and discrete strokes [2] reaching 473
mm/s, apparent motion has been demonstrated to produce continuous and fast motion sensations [34, 35] reaching 150-200 ms and funneling motion has been used to
produce slower sensations of motion, with an optimal speed at 60 mm/s [42]. In this
study, the snake eﬀect was shown to produce speeds ranging from 60.7 to 42.4 mm/s.
As such, it is a great alternative to produce motions even slower than the funneling
motion.
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After playing the snake eﬀect in pilot studies hundreds of times per day over
months, it became clear that this is a robust illusion: training or being aware of how
tactors are working did not compromise the illusion neither made it weaker in any
way. Also, no participant from either experiment (SOA detection or curved snake)
reported feeling the illusion getting any weaker over time. One consideration that
needs to be done is that playing the eﬀect in the same part of the skin repeatedly
over 10 minutes can wear oﬀ the skin, causing discomfort. In this case, it’s important
to take breaks for the skin to rest.
In the second part of the study, reported in Section 4, the snake eﬀect was extended
from straight to curved trajectories, based on known algorithms used with other
haptic illusions. The optimal SOA value from Section 3 was used, as well as the
duration, frequency and Sine-Squared modulation. In this part of the study, the snake
eﬀect was combined with the funneling illusion to allow stimulation to be perceived
at sites that were not directly being in contact with tactors. The potential to apply
the snake eﬀect in curved/spiral trajectories expands the possible applications of this
eﬀect: information could be transmitted not only by the duration, creepiness or its
wave-like properties, but also by diﬀerent motions around the skin.
After conducting the experiment for spiral trajectories, some limitations of the
eﬀect became clearer: participants struggled to locate the beginning and end of motion, and also to properly judge the extent to which the snake eﬀect propagates in
the longitudinal direction in the forearm. One of the proposed solutions to solve
both problems was to adopt the use of funneling illusion to produce all loci, even
the ones that are in direct contact with a certain tactor. This solution was taken
into consideration after receiving feedback from the participants and noticing that
the loci generated by funneling were clearer than the ones at the beginning and end
of motion, which were generated by one single tactor.
Participants also reported that feeling the direction of motion was easy. This fact
was later endorsed by observing the sketch results: out of the 90 total sketches drawn
by participants using a cylinder, only two sketches show a discrepancy in direction
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(Appendix F Figure F.1q and Appendix H Figure ab). This fact raises the possibility
of investigating snake eﬀect applications for directional cueing. Saltation has been
applied for this purpose [2], and a vibrotactile haptic display could be proposed to
make use of both eﬀects to transmit information.
The investigation of how frequency modulation alters the perception of the eﬀect
is proposed as future work as well. Rapidly adapting mechanoreceptiors are sensitive
to vibrations around 300 Hz (which were used in this study) but do not respond to
sinusoidal frequencies lower than 100 Hz [21]. Therefore, it is believed that adopting
lower frequencies to the eﬀect could lead to diﬀerent sensations. Also, adopting
gradual changes in frequency over time as well as in amplitude could generate novel
eﬀects and promote improvements to the illusion.
Another parameter suggested for future work is the use of asymmetrical amplitude
modulations. In all the successful cases (Gaussian, Sine, Sine-Squared) the modulation produced a symmetric pattern. Other functions such as a Rayleigh distribution
have an asymmetric distribution, and whether this could alter the illusion remains to
be investigated.
Several haptic displays proposed in the literature and in industry already make
use of vibrotactile actuators [2, 4, 5, 48]. Therefore, the successful implementation of
the snake eﬀect is feasible with the currently available hardware. The applicability of
the snake eﬀect can be assessed in small contact areas such as phones in the pocket
or wearables, as reported with funneling motion [48]. It can be tested to convey
directional cueing, as reported with saltation [2]. It can also be implemented to
increase information transfer in haptic displays currently using apparent motion and
funneling to increase immersion in games and joy rides [5]. Funneling and saltation
eﬀects have been demonstrated to improve virtual reality experiences [4, 38], and the
snake eﬀect could also be tested in these environments, to improve immersion.
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A. UPPER SOA INTERLEAVED EXPERIMENTS SINE-SQUARED MODULATION
This Appendix contains the plots of all the successful Upper SOA experiments related
to the Sine-Squared modulation. Each plot refers to a speciﬁc participant, the orange
line is the Descending method and the blue line is the Ascending method.
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B. LOWER SOA INTERLEAVED EXPERIMENTS SINE-SQUARED MODULATION
This Appendix contains the plots of all the successful Lower SOA experiments related
to the Sine-Squared modulation. Each plot refers to a speciﬁc participant, the orange
line is the Descending method and the blue line is the Ascending method.
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C. UPPER SOA INTERLEAVED EXPERIMENTS - SINE
MODULATION
This Appendix contains the plots of all the successful Upper SOA experiments related
to the Sine modulation. Each plot refers to a speciﬁc participant, the orange line is
the Descending method and the blue line is the Ascending method.
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D. LOWER SOA INTERLEAVED EXPERIMENTS - SINE
MODULATION
This Appendix contains the plots of all the successful Lower SOA experiments related
to the Sine modulation. Each plot refers to a speciﬁc participant, the orange line is
the Descending method and the blue line is the Ascending method.
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E. SPIRAL SNAKE SKETCHES - PARTICIPANT 1 WITHOUT USING THE CYLINDER FOR ASSISTANCE
TO SKETCH
This Appendix contains the data from Participant 1 when sketching the perceived
response for the curved snake experiment. The sketches with markers represent what
the participant perceived, and the red lines indicate the intended motion produced
by the software. In this case, the sheet of paper was lying ﬂat on the table instead
of being wrapped around the cylinder to represent the 3D shape of the forearm. Due
to the diﬃculties when drawing, it is believed that some sketches misrepresent what
the participant actually felt. Incorrect indications of motion are present in Figures
E.1d, E.1m, E.1p, E.1t, E.1aa, E.1ab, despite the participant having reported after
the experiment that detecting motion was not an issue. In Figures E.1a, E.1c, E.1g,
E.1j, E.1o, E.1s, E.1u the motion was correctly identiﬁed but the trajectory was not
properly represented. This participant was invited to participate in another round of
experiments using the cylinder. The data can be seen at Appendix F.
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F. SPIRAL SNAKE SKETCHES - PARTICIPANT 1 USING THE CYLINDER FOR ASSISTANCE TO SKETCH
This Appendix contains the data from Participant 1 when sketching the perceived
response for the curved snake experiment. The sketches with markers represent what
the participant perceived, and the red lines indicate the intended motion produced by
the software. In this experiment, the sheets of paper were wrapped around a cylinder
to represent the 3D shape of a forearm. Figure F.1q is the only case where a mismatch
in the direction of motion happens. At Figures F.1d, F.1i, F.1v the estimation of how
much the motion traveled in the longitudinal axis was incorrect. In Figures F.1aa,
F.1ab, the direction of motion is correct but the participant perceived more than
one loop around the forearm, represented by a motion that begins at the lower right
corner of the page.
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G. SPIRAL SNAKE SKETCHES - PARTICIPANT 2
This Appendix contains the data from Participant 2 when sketching the perceived
response for the curved snake experiment. The sketches with markers represent what
the participant perceived, and the red lines indicate the intended motion produced by
the software. In this experiment, the sheets of paper were wrapped around a cylinder
to represent the 3D shape of a forearm. There were no mismatches in the direction
of motion. In Figure G.1a the participant reported the perception of over one loop
around the forearm, represented by a motion that ends in the upper left corner of
the paper. In Figures G.1d, G.1f, G.1t, G.1u, G.1w the estimation of how much the
motion traveled in the longitudinal axis was incorrect. In Figures G.1g, G.1h, G.1l,
G.1m, G.1v and G.1x the intended motion is downwards and the reported motion
starts with a bump going upwards at ﬁrst, and then goes downwards. This behavior
was not reported in the Figures where the intended motion is upwards.
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H. SPIRAL SNAKE SKETCHES - PARTICIPANT 3
This Appendix contains the data from Participant 3 when sketching the perceived
response for the curved snake experiment. The sketches with markers represent what
the participant perceived, and the red lines indicate the intended motion produced
by the software. In this experiment, the sheets of paper were wrapped around a
cylinder to represent the 3D shape of a forearm. There were one mismatch in the
direction of motion, reported in Figure H.1ab. In Figures H.1b, H.1c, H.1f, H.1h,
H.1i, H.1n, H.1s, H.1aa, H.1ad the estimation of how much the motion traveled in
the longitudinal axis was incorrect. In Figure H.1g the loop around the forearm was
estimated correctly, but the location was below the intended motion.
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I. ACCELEROMETER MEASUREMENTS
This Appendix contains accelerometer measurements for the stimuli with Square modulation (Figure I.1a), a zoomed version of the same stimulus to show the fundamental
sinusoidal waveform of 300 Hz (Figure I.1b), and the successful stimuli utilized to produce the snake eﬀect: Gaussian, Sine, Sine-Squared (Figures I.2, I.3, I.4 respectively).

a

b

Fig. I.1. (a) Accelerometer measurements of stimulus with square
modulation. (b) Zoomed stimuli, showing the sinusoidal oscillation
pattern

Fig. I.2. Accelerometer measurement of stimulus with Gaussian modulation
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Fig. I.3. Accelerometer measurement of stimulus with sine modulation

Fig. I.4. Accelerometer measurement of stimulus with sine-squared modulation

